ABSTRACT A lesser cornstalk borer, Elasmopalpus lignosellus (Zeller), larval attractant from peanut (Arachis hypogaea L. variety ÔFlorunnerÕ) plants was collected and determined using Tenax collection, cryogenic collection, olfactory bioassay, and infrared gas analyzer. All tests used larvae (third-Þfth instar). Samples collected with a Tenax column did not induce signiÞcant olfactory responses by the larvae in the doses tested. In a cryogenic collection system using liquid nitrogen, plant volatiles were allowed to simultaneously pass through different treatments (air, water, activated carbon, or KOH) before they were cryogenized. After the airßow carrying volatiles from underground peanut plant parts was passed through water or activated carbon, the attractiveness was not signiÞcantly changed compared with the nonadsorption-treated collection. The attractiveness was totally eliminated after the airßow (carrying volatiles) was bubbled through KOH solution, indicating that the active component had been absorbed before being cryogenized. Cryogenically collected air, to a certain extent, was attractive to the larvae, indicating that an active component existed in normal air but the concentration was not high enough to attract the larvae. Among cryogenic collection samples, only those maintaining high carbon dioxide concentration were attractive to lesser cornstalk borer larvae. Lesser cornstalk borer larvae were attracted to commercial carbon dioxide. No signiÞcant difference in lesser cornstalk borer attraction was detected between 4 g of peanut root and a combination of urea and urease with similar carbon dioxide-releasing rate. It is concluded that lesser cornstalk borer larvae use carbon dioxide from underground peanut plant parts as a primary guide for locating the host plants.
THE LESSER CORNSTALK borer, Elasmopalpus lignosellus
, is widely distributed in the temperate and tropical regions of the western hemisphere, including South and Central America and the southern part of North America (Chalfant and Stacey 1982) . This insect attacks at least 60 plant species including peanut, soybean, sugar cane, corn, and sorghum (Tippins 1982) . The lesser cornstalk borer is a key pest of peanut grown in the New World and the most destructive insect pest in the southeastern United States (Smith and BarÞeld 1982) .
The eggs of lesser cornstalk borer larvae are laid singly within 6 mm of the soil under the drip line (the edge of canopy) of peanut plants (Smith et al. 1981) . Eggs hatch in 2Ð7 d. Early instars (Þrst and second) of lesser cornstalk borer feed on young roots, vegetative buds, ßowers axils, the root-hypocotyl region, and leaves touching the ground, but older larvae feed mainly on pegs and pods (Leuck 1967 , Berberet et al. 1979 . These suggest that lesser cornstalk borer, including neonates and larger larvae, must locate and recognize their food sources. How phytophagous insects Þnd and recognize their food plants is a speciÞc question of particular importance to agriculture. Jones and Coaker (1978) pointed out that for underground phytophagous species, polyphagous larvae respond to primary metabolites, whereas mono-and oligophagous larvae respond to both secondary and primary metabolites. Ctenicera aeripennis destructor (Brown) larvae, for example, were not attracted to any volatiles except carbon dioxide that may be produced by germinating wheat, Triticum aestivum L. (Doane et al. 1975) . Similarly, Psila rosae (F.) larvae exhibited no response to carrot root volatiles after carbon dioxide was removed (Städler 1971) . Carbon dioxide from corn seedlings is also known as a strong attractant for larvae of the western corn rootworm, Diabrotica virgifera virgifera LeConte (Hibbard and Bjostad 1988) . However, the larvae preferred a sample of corn volatiles over a sample of pure carbon dioxide when offered a choice between the two. A blend of 6-me-thoxy-2-benzoxazolinone and three fatty acids has later been found to act as an enhancer of the attractiveness of carbon dioxide to the larvae (Hibbard and Bjostad 1990 , Bjostad and Hibbard 1992 , Hibbard et al. 1994 .
There has been little information about how lesser cornstalk borer larvae are directed to their food source. In a study using agar plugs containing samples from eight peanut plant parts to determine their phagostimulative effects, Huang and Mack (1989) found that lesser cornstalk borer larvae were able to discriminate extracts from different plant parts. Huang et al. (1990) later investigated the olfactory responses of lesser cornstalk borer larvae to peanut plant parts in an olfactometer and found that larvae preferred certain peanut plant parts to the control and that larvae could discern volatiles from these parts. Among eight samples from different parts of a plant, underground parts including roots, pegs, and pods were more attractive to larvae than any above-ground potions. The attraction of lesser cornstalk borer to pegs and pods is not surprising because larvae typically feed on these plant parts. However, although larvae seldom feed on peanut roots in the Þeld, roots were one of the most attractive plant parts in the olfactometer bioassay. It is probable that attractants emitted from roots are general plant metabolites that act as guide, and the larvae use contact chemoreception to recognize their host upon touching the plant material. Knowledge of how lesser cornstalk borer larvae locate their food plants would be useful in plant breeding programs and in the design of more effective pest management systems. The identiÞed attractants may be incorporated in insecticide formulations to bring the larvae into contact with toxic materials to increase the efÞcacy of chemical control. This study was designed to collect and determine lesser cornstalk borer larval attractants from peanut plants.
Materials and Methods
Insect and Plant Rearing. A colony of lesser cornstalk borer was maintained in an insect rearing room at the Entomology Department, Auburn University. Wild adults were added to the colony each summer (two to four times) to maintain genetic diversity. Larvae (six instars) were reared on an artiÞcial diet (Chalfant 1975) in 30-ml plastic cups at Ϸ27ЊC with a photoperiod of 14:10 (L:D) h. Peanut (Arachis hypogaea L.) plants were grown in a Þeld with no pesticide treatment before use. All peanut plant materials were taken from the Þeld as whole plants and were used within 2 h.
Bioassay Methods. The olfactometer used in this study was described in detail by Huang et al. (1990) . Brießy, it had eight sample tubes; therefore up to eight samples could be used at the same time. An airßow (100 ml/min) created by an air pump was successively passed through a Þlter containing activated carbon, a regulating ßow meter, the space above the sample in a sample tube, the bioassay arena where the tested larvae made choices, and an air-exit tube connected to the arena. After samples (plant tissues or collected volatiles) were placed in the sample tubes, the bioassay arena was closed and the air pump was run for 5 min to equilibrate the system. To start an assay, a removable tape was removed from the larvae-releasing hole located at the center of the arena cover and larvae were introduced into the olfactometer through the hole. The hole was immediately resealed with the tape and the number of larvae crawling into the sample tubes was recorded at 5-min intervals for 30 min. Seven to nine replications were used for each test. Fifteen to 20 larvae (third-Þfth instar) which had been starved for 3Ð5 h were used for each replicate. Large larvae were chosen because they were more conveniently handled than small ones, and more importantly because they also have to locate their food source in nature and did show olfactory responses to their host plants in preliminary experiments. To prevent possible effects from previous testing, larvae were not reused in bioassays.
Tenax Collection. For collecting volatiles, underground peanut plant parts were chosen because they were more attractive to lesser cornstalk borer larvae according to a previous study (Huang et al. 1990) . A ßow of nitrogen gas (50 ml/min) was introduced to the bottom of a 4-liter glass jar containing 600 g of plant materials. Volatiles carried in the airßow were captured with a Tenax column (Alltech, DeerÞeld, IL). Six hours later, the column was successively eluted with hexane and acetone until each of the eluates was 3 ml. For olfactory bioassays, a certain amount (5, 10, or 20 l) of the eluates was applied to a Þlter paper (1 by 2 cm). After Ϸ2 min, the solvents had evaporated and the Þlter papers were placed in the sample tubes of the olfactometer to be tested for their attractiveness.
Cryogenic Collection. Because solid adsorbants such as Tenax do not collect compounds of small molecular weight such as carbon dioxide, larvae did not show preferences to any of the samples collected with Tenax. A cryogenic collection system ( Fig. 1) was Fig. 1 . Diagram of the cryogenic collection system. 1, plant material container; 2, underground peanut plant parts; 3, empty ßask; 4, 100 ml of distilled water; 5, 100 ml of 1 M KOH; 6, 50 g of activated carbon; 7, airßow without plant volatiles; 8, thermos; 9, liquid nitrogen; 10, collecting tubes. therefore developed and used. A 4-liter glass jar was used as a plant material container (item 1) and a glass tube (6 mm diameter) was inserted through the cap into the bottom area of the jar. The opposite end of the glass tube was connected to a plastic tube that led to the outside of the building. Four plastic tubes (3 mm diameter, 50 cm long) were used to connect the container to four 125-ml ßasks Þlled with air (item 3, empty), 100 ml of distilled water (item 4), 100 ml of 1 M KOH (item 5), or 50 g of activated carbon (item 6), respectively. Each of the tubes (3 mm diameter, 60 mm long) extending from the ßasks was connected to a glass collection tube (item 10, 10 mm diameter, 74 mm long). Another plastic tube (item 7) was used to connect between the air-inlet point of the container and a collection tube. Approximately 150 Ð250 g of underground peanut plant parts was placed in the container for each collection. Twenty minutes following the introduction of plant materials the collection tubes were simultaneously immersed 65 mm into the liquid nitrogen bath (item 9). A vacuum was created that pulled air through the plant materials (or from the air-inlet point of the container directly) at Ϸ200 ml/ min as air condensed in the collection tubes. Five minutes later, the collection tubes were slowly removed from the liquid nitrogen bath so that the condensed liquid nitrogen (bp Ϫ196ЊC) and liquid oxygen (bp Ϫ183ЊC) were allowed to escape for 5 min. The collection tubes were then randomly placed in the sample tubes of the olfactometer for the olfactory test. A small amount of water was observed in the collection tubes containing cryogenic samples. A collection tube containing a similar volume of water was therefore used as a treatment to determine if water alone was attractive to lesser cornstalk borer larvae. Two clean and dry collection tubes were used as controls. A batch of plant materials was used for one collection only.
Carbon Dioxide Analysis. Carbon dioxide concentrations were measured with an infrared gas analyzer (Anarad model AR-411; Forney, Carrollton, TX). A 335-ppm mixture of carbon dioxide in nitrogen (vol: vol) was used as a standard to calibrate the analyzer. A doseÐresponse curve of the analyzer was obtained by using dilutions from 99.9% pure carbon dioxide. Pure nitrogen (Selox, Montgomery, AL) was used as a sample carrier and a reference. Samples (1 ml) taken from the sample tubes (Ϸ1 cm below the oriÞce) were injected through an injector into the analyzer with 3-mm syringes. To minimize the differences in sampling time, one syringe was used for one sample tube, and the samples were not analyzed until all samples in a replicate had been taken. In some assays, carbon dioxide levels were performed only before and after the tests. For the others, however, carbon dioxide measurements were conducted at 5-min intervals throughout the experiment. In the latter cases, a separate set of samples was prepared and handled in the same way, as it would be in corresponding bioassays, except that no larvae were released in the olfactometer. Sampling was accomplished by temporarily removing the sealing tape on the larva-releasing hole of the olfactometer and by quickly inserting a small plastic tube (2 mm diameter, 15 cm long; attached to a 3-ml syringe) through the hole.
Response to Commercial Carbon Dioxide. Commercial carbon dioxide was tested for attractiveness in ways similar to those described by Hibbard and Bjostad (1988) . Carbon dioxide from a gas cylinder was introduced into four glass tubes (10 mm diameter, 74 mm long) for 10 s. The tubes were then inverted for 10 s to reduce the concentration of the carbon dioxide and to disperse it evenly in the tubes. These four tubes, along with other four empty tubes (as controls), were alternatively placed in the sample tubes of the olfactometer.
Response to Artificial Carbon Dioxide Source. To determine if carbon dioxide was likely the only lesser cornstalk borer larval attractant from peanut plants, a comparative test using peanut roots and a mixture of urea and urease was performed. Related studies (Huang and Mack, 2001) showed that a combination of 0.2 g of urea ϩ 0.2 g of jack bean meal (urease) ϩ 0.5 ml of water provided a fair carbon dioxide releasing rate and was one of the most attractive treatments to lesser cornstalk borer larvae under the laboratory bioassay conditions. Preliminary measurements also revealed that 4 g of peanut roots in one sample tube emitted a similar amount of carbon dioxide. Two samples from each treatment were used in each replication and were alternatively arranged in the olfactometer. The remaining four sample tubes, each positioned between two "treatment" tubes, acted as blank controls. To eliminate possible visual effects, a loose cotton ball was placed in each of the sample tubes at a position just above the samples. Cotton balls were also used in blank sample tubes at similar positions. Carbon dioxide levels were measured immediately before and after the assays for each sample tube.
Statistical Analysis. Data from each bioassay were analyzed with an analysis of variance (ANOVA) as described in Steel and Torrie (1960) . A WallerDuncan K ratio (K ϭ 100) mean separation (for more than two treatments) or ANOVA (P Յ 0.05, for two treatments) was used to discern if signiÞcant differences existed among treatment means (SAS Institute 1987).
Results

Tenax
Collection. An odor typical of underground peanut plant parts became apparent from the hexane eluate applied to Þlter paper after the solvent evaporated. No obvious odor was noted from the acetone eluate applied in the same way. Preliminary gas chromatography was performed with a SC-30 column on a HP 5710A GC. Several huge peaks were detected in the hexane eluate but only a few small peaks were found in the acetone eluate. However, neither eluate exhibited signiÞcant attractiveness to lesser cornstalk borer larvae in 30-min assays (Table 1 ). The average numbers of larvae locating these samples at the end of experiment varied from 1.4 to 2.3, with standard deviations ranging from 0.8 to 1.3.
Cryogenic Collection. Three cryogenically collected samples were signiÞcantly attractive to the larvae when compared with the control (Fig. 2A) . After the airßow carrying volatiles of underground parts was passed through water (UGP-water) or activated carbon (UGP-a.c.), the attractiveness was not signiÞ-cantly changed as compared with the untreated collection (UGP). The attractiveness was totally eliminated after the volatiles-carrying airßow was bubbled through KOH solution (UGP-KOH), indicating the active component(s) had been adsorbed before being cryogenized. Cryogenically collected air (Cry-air), to a certain extent, was attractive to the larvae, indicating an active component can be found in ambient air that was concentrated in the cryogenic process to the point of being somewhat attractive. Water alone was not attractive in this study. Carbon dioxide measurements (Fig. 2B) showed that only UGP, UGP-water, and UGP-a.c., which were attractive to lesser cornstalk borer larvae, contained high and similar levels of carbon dioxide. Carbon dioxide levels of these three treatments, even though they declined rapidly, were signiÞcantly different from all the others within 10 min. Cryogenically collected air showed a higher carbon dioxide level compared with the controls. No signiÞcant differences in carbon dioxide concentrations were detected between UGP-KOH and the controls.
Response to Commercial Carbon Dioxide. Within 5 min, signiÞcantly more lesser cornstalk borer larvae were attracted to commercial carbon dioxide than to the control (Fig. 3A) . During the Þrst half of the assay, much higher levels of carbon dioxide were detected from the sample tubes Þlled with commercial carbon dioxide than from the control tubes (Fig. 3B) .
Response to Artificial Carbon Dioxide Source. In a comparative test including 4 g of roots, a combination of 0.2 g of urea ϩ 0.2 g of jack bean meal ϩ 0.5 ml of water and a blank control, signiÞcantly more lesser cornstalk borer larvae were attracted to both the roots and the urea combination than to the control (Fig.  4A) . The number of larvae attracted was not statistically different between these two treatments. Consistent with larval responses, carbon dioxide concentrations of the two treatments were similar both before and after bioassays, but were signiÞcantly different from the control (Fig. 4B) . Fig. 2 . Olfactory responses by lesser cornstalk borer larvae (accumulated number of larvae attracted in each replication) to volatiles cryogenically collected from underground peanut plant parts with liquid nitrogen (A) and carbon dioxide concentrations of the corresponding samples (B) Replicated nine times. Means (for the 30-min observation only) with the same letter are not signiÞcantly different according to a Waller-Duncan K ratio mean separation (K ϭ 100). UGP, UGP-water, UGP-a.c., and UGP-KOH: Before cryogenizing, volatiles from underground peanut plant parts were passed through air (an empty ßask), 100 ml water, 50 g activated carbon, and 100 ml 1 M KOH, respectively. Cry-air, cryogenically collected air taken from the air-inlet point of the plant material container; water, a sample tube containing one drop of water; Air 1, 2, sample tubes only. (20 l 
Discussion
A larval attractant of the lesser cornstalk borer from peanut plants was collected and determined as carbon dioxide in this study using Tenax collection, cryogenic collection, olfactory bioassay, and infrared gas analyzer. The results indicate that larvae of this species, like many other subterranean organisms, use carbon dioxide from underground peanut plant parts as a primary guide for locating their host plants.
Several methods such as tissue extraction (Berger 1972) , steam distillation (Mckibben et al. 1977 , Stubbs et al. 1985 , and cold trap (Sower et al. 1971 ) have been used to collect semiochemicals that mediate insect behavior. Tenax and Porapak Q are among those solid adsorbents most commonly used in ecological studies (e.g., Pierce et al. 1981 , Buttery et al. 1985 . In this study, Tenax was used in an attempt to collect volatile cues from underground peanut plant parts. Because several huge peaks were detected in preliminary gas chromatography with the hexane eluate from a Tenax collection column and an odor typical of underground peanut plant parts became obvious after the solvent (hexane) had evaporated from the eluate; the Tenax column used in this study was effective in capturing organic compounds from the plant materials. In olfactory bioassays, however, no signiÞcant attractive response by lesser cornstalk borer larvae to these eluates was observed. This implies that the active component might be highly volatile and was not caught by the Tenax trap that is designed for collecting organic compounds (Browne et al. 1974) . Cryogenic trapping with liquid nitrogen, which involves not only the condensation of any volatile organic compounds in the air but also the condensation of the air itself, has been shown to be an effective alternative to solid adsorbents such as Tenax in this study.
The use of an air condensation trap with liquid nitrogen to collect insect pheromones was Þrst reported by Browne et al. (1974) . Thereafter this method was used in studies on pheromones of olive ßy (Haniotakis et al. 1977) and western pine beetle (Browne et al. 1979 ) and on western corn rootworm attractants from corn seedlings (Hibbard and Bjostad 1988) . In this study, materials with different adsorption properties including KOH solution, activated carbon, water, and air (empty ßask) were used to treat the airßow carrying volatiles from the underground peanut plant parts. Clean air taken from the inlet point just before the plant materials was also condensed to test if cryogenic collection of the air was attractive to larvae. This experimental design was based on the assumption that organic components as well as carbon dioxide might play a role in the attraction of lesser cornstalk borer larvae to peanut plants. Even though the collection tubes used in this study were small (10 mm diameter, 74 mm long), airßow drawn into each of them by condensing air was Ϸ500 ml/min for the Þrst 30 s and remained essentially at Ϸ200 ml/min for the next 4 min.. No signiÞcant differences in air intake rate were detected among the treatments using ßasks Þlled with KOH solution, activated carbon, water, or air. Our results suggest that it is possible and effective to cryogenically collect volatiles from a single source with different treatments and simultaneously test these collections for behavioral responses in an olfactometer.
According to Jones and Coaker (1979) , plant volatiles adsorbed by KOH include aldehydes, phenols, some esters and acidic compounds (e.g., carbon dioxide), whereas hydrocarbons, most esters, and alcohol pass through KOH unchanged. Activated carbon, a material frequently used as a Þlter to adsorb organic chemicals from the air, does not absorb carbon dioxide. As shown in this study, the KOH-treated collection failed to attract lesser cornstalk borer larvae. Only those treatments from which carbon dioxide had not been removed were attractive. It is not convincing to conclude, based only on KOH treatments, that carbon dioxide is an important lesser cornstalk borer larval attractant because KOH might also react with compounds other than carbon dioxide. However, it was true that after the volatiles-carrying airßow carrying volatiles was passed through activated carbon, the collection was still attractive to lesser cornstalk borer larvae. There should be very few, if any, organic compounds passing through activated carbon. Furthermore, the larvae were attracted to commercial carbon dioxide. It is therefore concluded that carbon dioxide is an important lesser cornstalk borer larval attractant from underground peanut plant parts.
Carbon dioxide is the most abundant gas given off by plant roots (Payne and Gregory 1988) and, because of its low molecular weight, diffuses over greater distances in the soil atmosphere than other volatiles of higher molecular weight. For polyphagous, soildwelling insects, a response to carbon dioxide probably provides an adequate means for host plant Þnding (Jones and Coaker 1977) and is advantageous to the insects because the attraction would lead them to many different potential food plants (Doane et al. 1975) . The Þndings of the current study may explain why more lesser cornstalk borer larvae were attracted to the underground peanut plant parts (Huang et al. 1990) . It is assumed that under the Þeld conditions, the larvae come to contact with a potential host plant by following a track of carbon dioxide, examining the plant properties with contact chemoreceptors and possibly also olfactory receptors, and determining whether or not the plant is accepted.
To determine whether carbon dioxide is the only attractant of wireworms and carrot ßy larvae, Doane et al. (1975) and Jones and Coaker (1979) , respectively, used single-choice bioassays to compare the attractiveness of KOH-treated host plant volatiles with nontreated host plant volatiles. Hibbard and Bjostad (1988) pointed out the problems with this approach and created a two-choice bioassay to allow western corn rootworm larvae to make behavioral comparison of carbon dioxide alone with a cryogenic collection of corn volatiles that contained an equal amount of carbon dioxide. To obtain an equal amount of carbon dioxide, both sample tubes (including the one containing plant volatiles) were ßushed with carbon dioxide from a gas cylinder and veriÞed the concentration with a GC-IRGA. The carbon dioxide concentrations remarkably declined during the 30-min bioassay. In this study, a method was developed in which larvae could make comparisons between the plant material and an artiÞcial carbon dioxide source containing a combination of urea, urease (jack bean meal), and water. The amount of carbon dioxide emitted from the two sources was similar and was essentially constant during the bioassays. The bioassays revealed that both sources attracted signiÞcantly more larvae compared with the blank control and that no statistically signiÞcant difference in attractiveness was detected between the two carbon dioxide sources. This indicates carbon dioxide is the most important (if not the unique) lesser cornstalk borer larval attractant from underground peanut plant parts.
